Abstract-We present a compact low-power optical phase modulator on Silicon-On-Insulator consisting of an under-etched slot waveguide. By applying a voltage of 15V across a 9J.lID long slot waveguide an optical phase change of 60° was observed.
I. INTRODUCTION
Optical phase modulation is of great interest in data modula tion or tuning applications. Using the CMOS (Complementary Metal Oxide Semiconductor) compatible silicon photonics platform, several approaches have been undertaken. The eas iest and simplest approach of phase modulation is using the thermo-optic effect in silicon. This effect is rather large in silicon but still has a relatively large power consumption due the continuous current flow. Furthermore, the speed is limited as the thermo-optic response is in the !lS range [I] , [2] . Carrier based modulators on the other hand are capable to reach up to ten Gbps and higher, but are relatively large and lossy as the carriers increase the optical absorption of the waveguides [3] . In this paper we present a compact, low-power optical phase modulator technique based on nanoelectromechanical systems (NEMS) using an under-etched slot waveguide.
Apart from its attractive optical properties, crystalline sil icon also has good mechanical properties. This stimulated a rapid development of this field in fabricating ultra sensitive sensors [4] . This platform furthermore allowed to observe and measure optical forces [5] . The principle of using a free-standing slot waveguide as phase modulator was already explained in [6] , but here we present to our knowledge the first experimental demonstration. When a voltage is applied across a free-standing slot waveguide, the slot spacing will change resulting in an effective index change and thus a phase change. As there is no current flowing through the system, only power is consumed when switching.
Next we discuss the design and fabrication of the com ponent. In Section III a mathematical description is given. Section IV gives the measurement results. A conclusion is finally formulated in Section V.
II. DESIGN AND FABRICATION
The principle of phase modulation is based on the fact that the effective index of a slot waveguide will change by changing the slot spacing. The effective index of the fundamental TE-like mode of the slot waveguide (Fig. I) was calculated using the Fimmwave mode solver and can be found 
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Ji1.� in Fig. 2 . A large change in effective index occurs as the spacing becomes smaller. The spacing of the slot is changed by under-etching the slot waveguide and applying a voltage across the slot. By increasing the voltage, the beams are attracted and the spacing becomes smaller. This increases the attractive force even more. At a certain point, the attractive force becomes too large for the slot to be countered by the elastic force and the system becomes unstable resulting in a collapse of the slot waveguide. This is known as the 'pull-in' effect in the MEMS (MicroElectroMechanical Systems) world and as a general rule of thumb occurs when the spacing is less than one third of the nominal spacing. The slot waveguide is placed in a Fabry Perot cavity which allows us to measure the phase change by means of a spectral shift of the resonant wavelengths.
The component shown in Fig. 3 was fabricated on Silicon On-Insulator (SOl) at imec, using standard CMOS (Comple mentary Metal Oxide Semiconductor) compatible processes [7] on an SOl wafer with a 21!m buried oxide layer and a 220nm silicon top layer. An etch of 220nm was used to etch the waveguides and slot waveguide, while the Bragg mirrors were defined with a 70nm etch. Light is guided from an optical fiber into the structure using a grating coupler for near vertical 978-1-4244-8340-2/11/$26.00 ©2011 IEEE coupling of the TE-like mode [8] . The waveguide is then adiabatically tapered to a 45 0nm wide photonic wire which is the input waveguide shown in Fig. 3(a) . Light enters into the Fabry-Perot cavity where a waveguide-slot transition excites the slot waveguide. Finally the slot waveguide tapers back to a single mode waveguide and to an optical fiber, again through a grating coupler. The slot waveguide consists of 230nm wide beams with a slot spacing of IOOnm (Fig. I) . Afterward the slot waveguide is under-etched. This is done by defining an etch region using contact-mask lithography and etching the buried oxide with buffered HF (hydrofluoric acid) for about 8 minutes. 
III. MATHEMATHICAL DESCRIPTION
The movement a( x) of the beams of the slot can be described by the Euler beam equation, where the residual axial stress is neglected in first instance:
Where E is Young's modulus (= I 69GPa in Si for the crystal lographic direction of interest), p( x) is the force distribution along the beam and I is the beam's area moment of inertia, defined as:
1=-12
with wand t the width and thickness of the beam, respectively. When a voltage is applied across the slot, a force will be exerted on both beams which will depend on the spacing of the slot waveguide. The force distribution p( x) (N/m) can be expressed as:
where V is the applied voltage and C( s( x)) is the capacitance distribution (F/m) across the slot, which is a function of s( x), the spacing of the slot. The capacitance distribution is given by:
The magnitude of the force distribution is then given by:
with EO the vacuum permittivity. There is a squared depen dence on the applied voltage and on the spacing. This spacing between the slots is dependent on the beam excursion a( x)
as:
where 
This equation is solved numerically using the parameters given in Section II. In Fig. 4 , the beam excursion of one of the slot beams is shown as a function of x for different voltages.
When the voltage becomes larger than the 'pull-in' voltage, the system becomes unstable and no solution is found. A stable solution was found up to an applied voltage of 18Y. Knowing the beam excursion, the effective index change of the complete slot (Fig. 2) can be calculated. This results in a phase change 6.¢. Fig. 5 shows the expected phase change until 'pull-in' occurs for different lengths of the under-etched slot at A = 1550nm. When L becomes larger, a big increase of the effect can be seen, as there is a bigger effective index change and the beams become more elastic. While for a IOll-m length a 7r phase difference can not be obtained, this is already possible for a l51lm length. The important figure of merit V7r L7r is 96Vllm, 68VIlm and 52.5Vllm for a length of l5llm, 20llm and 251lm, respectively. While longer modulators have an increased figure of merit, they will be inherently slower as the mechanical relaxation constants will increase. 
IV. MEASUREMENT RESULTS
We measured the Fabry-Perot spectrum by exciting the structure with a broadband superluminescent LED (Light Emitting Diode) and measuring the transmission using an Optical Spectrum Analyzer (OSA). The spectra are shown in Fig. 6 . The Bragg mirrors were relatively weak which results in broad resonances. The insertion loss at the Fabry-Perot resonance near l525nm is about 5dB. For larger wavelengths, the transmission decreases which suggests that the slot mode is reaching cut-off. By measuring the peak shift for different voltages, the effective phase change inside the slot can be calculated. This is shown in Fig. 7 , where also the theoretical solution is shown. A good agreement can be seen. We note that the actual result is very dependent on the actual under etch length (see Fig. 5 ) and the initial spacing of the slot So . The difference between theoretical and experimental phase change may be explained by the residual axial stress when the deformation becomes larger, but requires further investigation. The dynamic behavior is currently under investigation. etched slot waveguide in SOL Phase changes of 60° have been measured for a length of L = gllm and an applied voltage of l5V. Increasing this length will greatly improve these characteristics by lowering the operation voltage and increasing the phase change. This will however reduce the speed of the component as a large mechanical resonator has a longer relaxation time. By cascading several short under etched waveguides, the effect can be increased without com promising the speed.
